D-Serine is localized in mammalian brain to a discrete population of glial cells near NMDA receptors, suggesting that D-serine is an endogenous agonist of the receptor-associated glycine site. To explore this possibility, we have compared the immunohistochemical localizations of D-serine, glycine, and NMDA receptors in rat brain. In the telencephalon, D-serine is concentrated in protoplasmic astrocytes, which are abundant in neuropil in close vicinity to NMDA receptor 2A/B subunits. Ultrastructural examination of the CA1 region of hippocampus reveals D-serine in the cytosolic matrix of astrocytes that ensheath neurons and blood vessels, whereas NR2A/B is concentrated in dendritic spines. By contrast, glycine immunoreactivity in telencephalon is the lowest in brain. During postnatal week 2, D-serine levels in cerebellum are comparable to those in adult cerebral cortex but fall to undetectable levels by day 26.
Activation of NMDA receptor channels requires both glutamate and stimulation of a "glycine site" (Johnson and Ascher, 1987; Reynolds et al., 1987; Kemp and Leeson, 1993) . Neurophysiological studies of expressed NMDA receptors indicate that with certain combinations of NR1 and NR2 subunits, D-serine is up to three times more potent than glycine at the glycine site (Matsui et al., 1995; Priestley et al., 1995) . Although D-amino acids have long been known to exist in bacteria, worms, and insects (Corrigan, 1969) , only very recently have high levels of D-serine been demonstrated in mammalian tissues, especially in the brain (Hashimoto et al., 1992a (Hashimoto et al., , 1993a Nagata, 1992; Chouinard et al., 1993; Nagata et al., 1994) .
We have mapped D-serine immunohistochemically in rat brain and observed a pattern that parallels the localization of D-serine binding sites associated with NMDA receptors in the forebrain (Schell et al., 1995) . D-Serine is concentrated in gray matter regions enriched in NMDA receptors and is selectively localized to protoplasmic astrocytes. We have also demonstrated that agonists of non-NMDA receptors enhance the efflux of preloaded D-serine from cultures of cortical type 2 astrocytes. These data suggest that D-serine is an endogenous ligand at the glycine site of many NMDA receptors and that glutamate releases D-serine from glial cells in the vicinity of NMDA receptors to synergize with synaptic glutamate (Cull-Candy, 1995; Schell et al., 1995) .
To compare the candidacies of glycine and D-serine as endogenous ligands for NMDA receptors, we have studied their immunohistochemical localizations in serial sections of rat brain. We report a close similarity in the localizations of NMDA receptor 2A / B subtypes and D-serine, including a parallel transient ontogeny in the cerebellum, whereas the disposition of glycine differs substantially. We have also localized D-serine at the ultrastructural level, where it is concentrated in astrocytic foot processes and glial elements in neuropil.
MATERIALS AND METHODS

Antibodies.
A polyclonal antibody to D-serine was raised in rabbits against a reduced glutaraldehyde conjugate of D-serine and bovine serum albumin (BSA) and negatively purified against glutaraldehyde-treated BSA as described (Schell et al., 1995) . In dot blot experiments, the antibody readily detects 0.01 nmol of D-serine conjugated to brain protein and is 100-fold less sensitive to L-serine. This antiserum was used at a dilution of 1:3000 in the presence of 200 M L-serine-glutaraldehyde liquid phase conjugate. In dot blots and in tissue sections, immunoreactivity is abolished by preincubation with 200 M of the D-serine conjugate. The antibody recognizing NMDA receptor 2A and 2B subunits (Chemicon, Temechula, CA) was generated against a C-terminal peptide of NR2A and has been characterized thoroughly (Petralia et al., 1994a) . The polyclonal antibody to glycine was raised against a reduced glutaraldehyde conjugate of glycine and BSA and has at least a 100-fold selectivity over ␤-alanine and a 1000-fold selectivity over other amino acids tested. This antiserum was purchased commercially (Chemicon) and then negatively purified against glutaraldehyde-treated BSA as described for the D-serine antibody; it was used at a dilution of 1:3000 in the presence of the L-serine liquid-phase conjugate.
Immunohistochemistry. Sprague Dawley rats were obtained from Sasco (Wilmington, MA). Juvenile rats were littermates housed with their mother, whereas adult animals were males housed four to a cage at the Johns Hopkins Animal Care Facility. Animals were anesthetized with an overdose of sodium pentobarbitol and then [on postnatal days 7 (P7), 9, 11, 13-19, 21, 50, 60) perfused through the aorta with 37ЊC oxygenated Krebs-Henseleit buffer (118 mM NaCl, 4.7 mM KCl, 2 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 25 mM NaHCO 3 , and 1 mM glucose) for ϳ45 sec and then with 250 -450 ml of 37ЊC 5% glutaraldehyde (Electron Microscopy Sciences, Fort Washington, PA), 0.5% paraformaldehyde, 0.2% Na 2 S 2 0 5 , 0.1 M sodium phosphate, pH 7.4. After a 20 min delay, brains were removed, trimmed, and post-fixed for 2 hr at room temperature. Brains were then placed in 4ЊC cryoprotection buffer (20% glycerol, 1% NaCl, 0.01% thimerosal, 50 mM sodium phosphate, pH 7.4) for at least 2 d before they were frozen-sectioned (20 -40 m) on a sliding microtome. Sections were reduced for 20 min in 0.5% NaBH 4 (Kosaka et al., 1986) and immunostained using the Vectastain Elite kit (Vector Labs, Burlingame, AC) as described (Schell et al., 1995) . Electron microscopy. Vibratome sections (50 m) were prepared as for light microscopy, except that Triton X-100 was omitted from the primary antibody incubation. After visualization of the labeling with diaminobenzidine, sections were incubated in 1% osmium tetraoxide/0.1 M sodium phosphate for 90 min, washed in water, and then incubated for 45 min in 1.5% uranyl acetate. Sections were washed again in water and dehydrated in graded ethanols, followed by propylene oxide, and then equilibrated overnight in increasing concentrations of Medcast-Aldralite 502 (Ted Pella, Inc., Redding, CA). Sections were embedded flat between acetate sheets, polymerized overnight, and examined with light microscopy to identify regions of interest; these were excised and mounted flat in plastic capsules. Semithin (1 m) sections were cut and placed onto slides and examined; well-stained regions were identified by light microscopy and trimmed before 70 nm sections were cut and placed onto 200-mesh copper grids. To maximize contrast between stained and unstained areas, grids were not counterstained before being viewed with a Zeiss EM10 electron microscope at 80 kV with a large objective aperture.
HPLC analysis. Whole cerebella were sonicated in 10 vol of ice-cold 5% trichloroacetic acid and centrifuged to remove protein. Soluble fractions were extracted three times with water-saturated ether before HPLC analysis of amino acid enantiomers as described (Hashimoto et al., 1992b) .
RESULTS
Although the glycine binding site is present on the NR1 subunit (Moriyoshi et al., 1991; Lynch et al., 1994) , NMDA receptor channels exist physiologically as multimers composed of NR1 and one or more of the other subtypes Meguro et al., 1992; Monyer et al., 1992) . The vast majority of NMDA receptors in the forebrain include NR2A and /or 2B subtypes, and previous localization studies (Watanabe et al., 1992; Monyer et al., 1994) show that these subtypes most closely resemble D-serine binding sites (Schell et al., 1995) . To visualize functional NMDA receptors most likely to be modulated by D-serine in vivo, we have used an antibody specific for subtypes 2A and 2B.
D-Serine and NR2A/B display similar locations throughout the forebrain
In 21-d-old rats, both D-serine and NR2A / B are concentrated in the gray matter of the telencephalon (Fig. 1, top and middle) . In the cerebral cortex, D-serine staining appears patchy and is most abundant around blood vessels. D-Serine staining is observed in all cortical layers but is concentrated in deeper regions. Intense labeling is apparent in the amygdaloid nuclei and the claustrum. The intense cortical staining for NR2A / B concentrates in the frontal and parietal lobes and appears layered, with densest labeling in layers II-IV. NR2A / B staining is also dense in cortical layer I, the temporal lobes, the piriform cortex, and amygdala. Higher-power examination of the amygdala (Fig. 2 , top and middle) confirms that both D-serine and NR2A / B concentrate in this region, with the D-serine in astrocytes and NR2A / B in pyramidal neurons. Glycine staining in the amygdala is extremely low by comparison and has a pattern that is a virtual negative image of that for NR2A / B (Fig. 1, bottom) . The most intense staining for glycine occurs in the hindbrain and hypothalamus, two regions where NR2A / B is in low abundance. In the olfactory bulb, hindbrain, and spinal cord, we readily observe the known inhibitory glycinergic pathways (Campistron et al., 1986; van den Pol and Gorcs, 1988; Pourcho et al., 1992) .
Throughout the subiculum and hippocampus (Fig. 3) , high densities of D-serine occur in molecular layers. The stratum radiatum, the area with the highest density of NMDA receptor associated D-serine binding sites in brain (Schell et al., 1995) , contains an abundance of D-serine. The pyramidal cell layers are unstained, as is the granule cell layer of the dentate gyrus. The molecular layer of the dentate gyrus, especially the lower blade region, is stained densely, as is the hilus. Similar to D-serine, dense staining for NR2A / B is observed in molecular layers of the subiculum and CA1 and CA3 regions. The pyramidal cell layers are also densely labeled, but the granule cells of the dentate gyrus are not. The hilus and inner third of the dentate gyrus molecular layer are weakly stained, whereas the outer two thirds is strongly stained. Glycine staining is generally low in the hippocampus, especially in the CA1 region, and is localized differently than NR2A / B. Two discrete bands of higher glycine density are observed. One is in the stratum lucidum of the CA3 region, associated with terminals of the mossy fibers. The other is in the deep hilus, including a dense, thin layer just inside the dentate granule cells. Both regions are notable for their very low densities of NMDA receptors relative to other areas of the hippocampus (Cotman et al., 1987) , and long-term potentiation at the mossy fiber synapses is presynaptic and does not involve NMDA receptors (Zalutsky and Nicoll, 1990) . Overall, glycine in the hippocampus is distributed virtually the opposite of NR2A / B, although substantial labeling for both is observed in the outer third of the dentate gyrus molecular layer.
In certain brain regions outside of telencephalic gray matter, NR2A / B and D-serine are not similarly localized, or NR2A / B localizations more closely resemble glycine than D-serine. For example, D-serine is present in a band of subcallosal white matter that includes the alveus and the subependymal zone ( Fig. 1 , top arrows), where NR2A / B is not detected. NR2A / B labeling is dense in the substantia nigra pars reticulata, where D-serine staining is weak and glycine staining is intense.
Olfactory bulb contains both D-serine and glycine
The highest densities of D-serine staining in the brain occur in the nerve layer of the accessory olfactory bulb (AOB), which is composed of unique glia that ensheath incoming axons from the vomeronasal organ. NR2A / B occurs in this layer, as reported previously for NR1 (Petralia et al., 1994b) , as well as moderate glycine labeling. In the AOB, the most intense NR2A / B staining occurs in the plexiform layer, in the dendrites of mitral cells. Both D-serine and glycine are observed in this layer, with D-serine found in astrocytes and glycine concentrated around mitral cell dendrites and cell bodies. The AOB is notable because it is one of only a few brain regions with high densities of D-serine and glycine together.
D-serine staining in the main olfactory bulb is much lower than in the telencephalon, but its layering pattern resembles NR2A / B. Both are most concentrated in the external plexiform layer. D-Serine concentrates in protoplasmic astrocytes near mitral and tufted cell dendrites, which are intensely stained for NR2A / B (Petralia et al., 1994a) . Lesser amounts of both D-serine and NR2A / B occur in the periglomerular region, olfactory nerve layer, and inner plexiform layer. In the inner plexiform layer, NR2A / B appears as scattered dots. D-Serine also occurs in the ependymal layer, where NR2A / B is not detected. We observe high densities of glycine staining in all layers of the main olfactory bulb, especially the external plexiform layer, as reported previously (van den Pol and Gorcs, 1988) . Glycine is an inhibitory transmitter in this region, and most olfactory bulb neurons, especially mitral and tufted cells, express strychnine-sensitive glycine receptors (Trombley and Shepherd, 1994) . Glycine staining is densely concentrated in neuropil surrounding mitral cell bodies and proximal processes, but is not inside mitral cell somata. Glycine is also prominent in periglomerular cells. Thus, in the main olfactory bulb, glycine appears enriched near both inhibitory and excitatory glycine receptors.
Cellular and ultrastructural localization of D-serine and NR2A/B in hippocampal CA1 region
We focused on the hippocampus for a more detailed description of the relationship between D-serine and NR2A / B, because it has one of the highest D-serine-to-glycine ratios (Hashimoto et al., 1993b) , and densities of D-serine binding sites in the CA1 molecular layers are the highest in brain (Schell et al., 1995) . Figure 4 reveals the overlapping distributions of D-serine and NR2A / B in the stratum radiatum of the CA1 region of hippocampus. D-Serine is concentrated in the cell bodies and processes of glia, which are prominent throughout all molecular layers and also in the overlying white matter. The densest staining for D-serine occurs in glia processes surrounding blood vessels (Fig. 4C) , whereas the densest staining for NR2A / B occurs around the base of the pyramidal cell dendrites. In neuronal layers, D-serine-containing processes of glial cells course between neuronal cell bodies (Fig. 4C) , which are densely labeled for NR2A / B. In contrast, the very light glycine staining in CA1 is restricted to widely scattered cell bodies in the molecular layer, which resemble small interneurons or glia.
At the ultrastructural level, we confirm the similar localizations of NR2A / B and D-serine. In the stratum radiatum of CA1, D-serine is most concentrated in astrocytic foot processes, which abut unstained endothelial cells and pericytes (Fig. 5, left) . Immunoreactivity appears as black clumps throughout the cytosolic matrix but not in mitochondria. High densities of D-serine are also observed in the thin glial elements of neuropil known to surround the dendrites and spines of neurons. No structures that can be identified definitively as neurons are labeled for D-serine. Labeling for NR2A / B is strong in many neurons, especially in dendritic spines (Fig. 5, right) , as reported previously (Petralia et al., 1994a ).
D-Serine and NR2A/B have parallel ontogeny in the cerebellum
We observed previously that D-serine staining in the cerebella of 50-d-old rats is much lower than in the forebrain and is restricted to the molecular layer (Schell et al., 1995) . Biochemical assays indicate high levels of D-serine in the cerebella of juvenile rats (Hashimoto et al., 1995a) . We monitored cerebellar levels of D-serine and glycine during the first 3 postnatal weeks (Fig. 6 ). D-Serine is detectable at birth and remains at a level of ϳ0.1 mol /gm until the end of week 1. During week 2, levels more than double, reaching a peak of ϳ0.25 mol /gm at P12. D-Serine levels then decline, reaching undetectable levels by P26. Levels of glycine exceed those of D-serine at all ages, DG, Dentate gyrus; Hi, hilus; L, stratum lacunosum molecular; Lu, stratum lucidum of CA3 region; Mol, molecular layer of dentate gyrus; O, stratum oriens; P, stratum pyramidale; R, stratum radiatum; S, subiculum; WM, white matter.
with a surprisingly large rat-to-rat variation: between 0.5 and 0.9 mol /gm. Unlike D-serine, substantial amounts of glycine are detected in mature rats.
Immunohistochemical analysis confirms and extends these findings (Fig. 7) . At P7, D-serine is concentrated in glial cell bodies scattered throughout the white matter, deep nuclei, inner granule cell layer, and the growing molecular layer. NR2A / B staining is observed in the deep nuclei, and the first indications of labeling in Purkinje cell bodies appear around this age. Strongly glycinergic Golgi neurons appear to have moved upward from deep layers and localize to the inner granule layer by P7 (not shown).
By P14, staining for D-serine is diminished in the deep nuclei, remains in the deep white matter, and has become stronger in the processes of multipolar glia scattered in the inner granule cell layer. Even more striking are the Bergmann glia in the molecular layer, which stain intensely in their cell bodies and radial processes. The outer granule layer is unstained, except for fine radial glial processes, which extend to the pia. At P14, NR2A / B has disappeared from the deep nuclei and become prominent in the cell bodies and dendrites of the Purkinje cells extending into the growing molecular layer. Also, a few large NR2A / B neurons appear scattered in the inner granule layer at this age; these are likely to be Golgi neurons. We observe no NR2A / B staining in inner or outer granule cell bodies. By P14, the cellular pattern for glycine resembles the adult, with intense staining in Golgi cells and lesser staining in a subset of basket cells; however, staining of the molecular layer appears substantially lower than in the adult.
By the end of week 3, the distributions of D-serine and NR2A / B begin to take on their adult patterns. D-serine labeling at P21 is greatly reduced compared with that at P14 and is observed mainly in Bergmann glia cell bodies and thin radial processes, although some lightly stained glial cells are still observed in the granule cell layer. NR2A / B remains detectable in Purkinje cells in the molecular layer but has receded from the more distal dendrites. Around P21 we also observe the first labeling of the pinceau, the axon terminals of the basket cells, which form a loose plexus around the proximal dendrites of Purkinje cells. Although some reports suggest that migrating granule cells transiently express NR2A / B receptors (Farrant et al., 1994) , we do not observe any granule cells labeled with the NR2A / B antibody. Glycine labeling at P21 resembles P14, except that many more immunoreactive punctate nerve processes fill the molecular layer; these are probably dendrites of Golgi and basket cells.
In the adult cerebellum (Fig. 8, right) , weak staining for D-serine is observed only in Bergmann glia. In some cases, staining is concentrated in the cell bodies located between Purkinje cells at the inner edge of the molecular layer. In other cases, small groups of Bergmann glia appear instead to be stained preferentially in their distal processes. Low levels of NR2A / B immunoreactivity can be detected in some but not all Purkinje cell bodies through the second month of postnatal life. We observe no labeling of adult granule cells, which express the NR2C subunit. In mature adults, labeling for NR2A / B appears to be restricted absolutely to basket cell pinceau, many of which are also strongly immunoreactive for glycine (Fig. 8) .
DISCUSSION
In the present study we confirm and extend substantially our initial finding that D-serine is localized in rat brain to astrocytes that are selectively concentrated in the gray matter, with a distribution closely resembling that of NMDA receptors, specifically the NR2A / B subtypes; these are the principal subtypes of NMDA receptors in the forebrain, the area of greatest NMDA receptor density. In the CA1 region of the hippocampus, where NMDA receptor neurotransmission is prominent, D-serine-containing astrocytes are found in close proximity to the NR2A / B-enriched dendrites of pyramidal cells, consistent with a role for D-serine in regulating the glycine site of these receptors during long-term potentiation (Fig. 9, left) .
In our earlier study we mapped D-serine in 50-d-old rats, whereas the present study used 21-d-old rats. Although the great majority of the D-serine localizations are the same at the two ages, we observe some discrete differences. At P21 we observe prominent D-serine staining in a subcallosal band of white matter just superficial to the hippocampus, which is greatly diminished in P50 animals. This intensely stained area is demarked caudally by the splenium of the corpus callosum and extends rostrally to the subcallosal regions of the striatum and subependymal layer. These are regions of active cell proliferation and migration in young adults. In older rats, D-serine is more abundant in superficial as contrasted to deeper layers of the cerebral cortex. We have obtained evidence that these variations relate to the migration of astrocytes from the site of their initial proliferation and migration in subcortical white matter near the subventricular zone to their localization in the gray matter of mature brain (M. J. Schell and In the P14 granule layer, many protoplasmic astrocytes stain intensely for D-serine, whereas a few Golgi neurons (Go) are lightly stained for NR2A / B. By P21, staining for both has decreased, but substantial amounts of D-serine persist in the radial process of BG and in the cell bodies of protoplasmic astrocytes (Ast). NR2A / B at P21 has become less prominent in Purkinje cells and has appeared in some basket cell pinceau (Pi). In mature adults, D-serine occurs weakly in Bergmann glia cell bodies, whereas NR2A / B is restricted to basket cell pinceau.
S. H. Snyder, unpublished observations). The antibody to NR2A / B used in this study was developed and used extensively in a previous study (Petralia et al., 1994a) . The labeling patterns we obtain are in generally good agreement with this work, with the modest differences explained by our use of younger animals and a high-glutaraldehyde fixative. When we stain P50 animals using the fixative of Petralia et al., (1994a) , we faithfully reproduce their results.
Glycine localizations differ dramatically from those of D-serine and NR2A / B and instead resemble cloned glycine transporters (Zafra et al., 1995; Jursky and Nelson, 1996) , with very low or undetectable levels in hippocampus and cortex. Glycine is localized inversely to the glycine cleavage enzyme, which is enriched in the mitochondria of telencephalic gray matter astrocytes (Sato et al., 1991) . Autoradiographic studies of hippocampus slices have demonstrated that glycine is taken up into astrocytes (Fedele et al., 1993) , where the degradation of two glycine molecules produces serine (Daly et al., 1976) . This pathway may be relevant to D-serine synthesis, because D-serine is probably concentrated in many of the same protoplasmic astrocytes, and the ontogeny of glycine cleavage activity in cerebellum (Lahoya et al., 1980) closely follows that of D-serine (Fig. 6) . On the other hand, we do not observe D-serine staining in mitochondria, where the glycine cleavage enzyme is thought to be localized exclusively.
At the ultrastructural level, D-serine is concentrated in astrocyte foot processes. The hippocampal CA1 region contains high densities of D-serine in the cytosolic matrix of glia, which ensheath NR2A / B-enriched spines as well as blood vessels. Non-NMDA receptors are present in astrocyte end feet (Matute et al., 1994) and are well positioned to regulate D-serine release. D-Serine staining at the ultrastructural level strongly resembles staining for glycogen phosphorylase, the enzyme of the cytosolic matrix that controls glycogen breakdown (Richter et al., 1996) . The preferential glycolytic activity of astrocytes is reflected by their almost exclusive ability to make and store glycogen in brain. It is thought that glucose from blood enters astrocytes, whose glycolysis leads to the formation of metabolic substrates in the cytosol, such as lactate, that pass into nearby dendrites to facilitate Krebs cycle metabolism (Tsacopoulos and Magistretti, 1996) . How metabolic coupling might influence D-serine synthesis or release is unclear. NMDA receptor-mediated neurotransmission may occur in neuropil near blood vessels, with the high demand for energy during excitatory neurotransmission fueled by rapid exchange of metabolites through astrocytes. Astrocytic D-serine would activate glycine sites on the spines of neurons near blood vessels to regulate this process.
The highest densities of D-serine in the brain occur in the AOB, in specialized glia that surround axons of the vomeronasal fibers that project from the vomeronasal organ to olfactory glomeruli (Raisman, 1985; Ramon-Cueto and Valverde, 1995) . This fiber system mediates the actions of pheromones on reproductive behavior (Halpern, 1987) . Olfactory nerve layer glia promote the growth of primary receptor neuron axons and allow the reestablishment and maintenance of connections with the olfactory bulb (Raisman, 1985) . Olfactory nerve layers stain moderately for NR1 (Petralia et al., 1994b) , and we detect NR2A / B in both main and accessory nerve layers. NMDA receptors promote and regulate neurite outgrowth (Zheng et al., 1996) and play crucial roles in the establishment of neuronal connectivity throughout the brain. If glutamatergic transmission occurs among the thin, unmyelinated (Gr) is not stained for D-serine. NR2A / B still occurs in a minority of Purkinje cell dendrites, but the most intense staining occurs in basket cell pinceau (Pi), which also stain for glycine. Golgi neurons (Go), whose cell bodies reside in the granule layer, are the major glycinergic element of the cerebellum. neurites inside the vomeronasal nerve layer, then D-serine released from the superficial bulbar glial cells would excite NMDA receptors on primary receptor axons within the nerve. In and near glomeruli, glial-derived D-serine would modulate NMDA receptors located on dendrites of mitral or tufted cells (Ennis et al., 1996) and regulate synaptic connectivity (Fig. 9, right) .
Ontogenic roles of D-serine in the cerebellum
NMDA receptors are expressed transiently on Purkinje cells but are absent from adults (Dupont et al., 1987; Garthwaite et al., 1987) . The transient staining we observe probably reflects the NR2B subtype (Watanabe et al., 1994; Portera-Cailliau et al., 1996) . Between P5 and P15, parallel fibers and climbing fibers establish connections with Purkinje cells (Altman, 1972) . NMDA receptors are required for proper synapse formation and elimination, because blockers of NMDA receptors prevent the establishment of normal connectivity (Rabacchi et al., 1992) . During this critical period, Bergmann glia are intensely stained for D-serine, and the processes of these cells envelop the Purkinje cell dendritic tree (Palay and Chan-Palay, 1974) . After the critical period, D-serine levels drop rapidly, because Bergmann glia begin expressing D-amino oxidase (Weimar and Neims, 1977a,b; Horiike et al., 1987) . Therefore, astrocytic D-serine is both spatially and temporally positioned to modulate NMDAR-dependent synaptogenesis with Purkinje cells (Fig. 10, left) .
Another prominent feature of cerebellar development is the migration of the granule cells from the external to the internal granule cell layers along the processes of Bergmann glia, which serve as a scaffold. This migration is dependent on NMDA receptors being blocked by the NMDAR antagonist MK801 and stimulated by glycine (Komuro and Rakic, 1993; Rossi and Slater, 1993) . Starting around P7, radial processes of D-serine-producing Bergmann glia appear in the molecular layer, coincident with the migration of granule cells. Low levels of glycine staining also occur in proximity to migrating granule cells, in the dendrites of Golgi neurons; however, the Golgi cell staining becomes more intense at the end of week 3, after granule cell migration is completed. D-Serine in the radial processes of Bergmann glia is the better candidate regulator for glycine sites involved in granule cell migration.
In the inner granule layer, NMDA receptors are present on the dendrites of granule cells at synapses with mossy fibers (D'Angelo et al., 1993) . Synaptogenesis here occurs during a critical period, approximately P8 -28 (Garthwaite and Brodbelt, 1989) . During this period, mossy fiber synapses segregate into rosettes with granule cell dendrites to form glomeruli. D-Serine occurs transiently in the granule layer, in the cell bodies and processes of protoplasmic astrocytes in close vicinity to glomeruli. Astrocytes are believed to be involved in the compartmentalization and segregation of glomerular units (Palay and Chan-Palay, 1974) , and glial D-serine could help define the boundaries of each unit (Steindler, 1993) .
The glomerular synapse is also believed to be where NMDA neurotransmission stimulates granule cells to produce nitric oxide. In P5-14 cerebellar slices, glycine sites involved in nitric oxide production are saturated, because exogenously added D-serine does not enhance cGMP production (Southam et al., 1991) . Beginning around P21, these glycine sites are not saturated, because the NMDA-stimulated cGMP response is enhanced by exogenous D-serine. In adult cerebellum, in vivo studies have demonstrated that the glycine site involved in nitric oxide production is not saturated (Wood et al., 1989) . We find that D-serine levels in the P7-14 cerebellum are 10 -40 times higher than in adults. The production of astrocytic D-serine and its subsequent destruction by D-amino acid oxidase concentrated near glomerular synapses (Weimar and Neims, 1977a,b) seems to account for the change in glycine site saturation. D-Serine release from astrocytes is not stimulated by KCl depolarization, but rather occurs by stimulation of non-NMDA receptors and sodium-dependent transporter-reversal (Schell et al., 1995) . The endogenous glycine site agonist regulating nitric oxide production in cerebellum acts in a tetrodotoxin (TTX)-independent manner during development, but in a TTX-dependent manner in adults (Southam et al., 1991) . The principal glycinergic cell in the cerebellum is the Golgi neuron (Ottersen et al., 1988) . These data are consistent with a model by which glomerular synapses are established through mechanisms involving the release of D-serine from astrocytes but are modulated in adults by glycine released by Golgi neurons (Fig. 10) .
In adult cerebellum, the principal NMDA receptor subtype is 2C, located on granule cell dendrites. Glycine seems to be the endogenous agonist of this receptor in the adult, with D-serine present at very low levels only in Bergmann glia. Glycine coexists with GABA in Golgi neurons (Ottersen et al., 1988) , consistent with a role as an inhibitory neurotransmitter. Yet glycine binding in the cerebellum is strychnine-insensitive (Wilkin et al., 1981) . It is well established that Golgi neuron terminals release GABA at glomeruli and inhibit the mossy fiber/granule cell synapse (Palay and Chan-Palay, 1974) . Glycine co-released with GABA instead may activate or shape the NMDA receptor response of granule cells.
NR2A / B in adult cerebellum occurs almost exclusively in the pinceau structures composed of basket cell terminals surrounding the initial segments of Purkinje cells (Fig. 8) . Glycine-containing terminals are concentrated in these pinceau, which also contain GABA (Liu et al., 1989) . What glutamatergic fibers are most likely to activate NMDA receptors located on basket cell terminals? Tendril collaterals of climbing fibers project to Purkinje cell bodies near their axons (Palay and Chan-Palay, 1974) . Physiological studies have demonstrated that glutamate or aspartate from parallel fibers acts on NMDA receptors located on basket cell dendrites to increase GABA release, because the application of NMDA onto adult cerebellar Purkinje cells produces inhibitory responses that are blockable by bicuculline (Crepel et al., 1982; Quinlan and Davies, 1985; Llano et al., 1991) . Climbing fiber tendril collaterals near NMDA receptors on basket cell axons could mediate a similar response. Some researchers have suggested that endogenous levels of glycine are sufficient to fully saturate the glycine site of NMDA receptors. Because D-serine levels in the extracellular space of many brain regions are similar to those of glycine (Hashimoto et al., 1995b) , the same could be said for D-serine. Moreover, D-serine is about three times more potent than glycine at many "glycine sites," so lower levels of D-serine would suffice to saturate the sites. A substantial number of studies suggest that glycine sites are not always saturated, because exogenous D-serine and glycine potentiate responses to NMDA in vivo (Salt, 1989; Wood et al., 1989; Thiels et al., 1992; Schmitt et al., 1995) . Moreover, pretreating intact rats with D-serine increases the potency of exogenous NMDA as a convulsant (Larson and Beitz, 1988; Singh et al., 1990) .
D-Serine fulfills the principal criteria for a neuromodulator at the glycine site of NMDA receptors. It is localized at these sites and faithfully mimics actions of the endogenous ligand. We showed previously that D-serine is released by glutamatergic stimulation. In developing molecular layer (left), astrocytic D-serine is found in Bergmann glia (BG), which ensheath Purkinje cells expressing NMDA receptors and also guide migrating granule cells (Gr) expressing NMDA receptors. D-Serine released from Bergmann glial processes might synergize with glutamate released by parallel fibers (PF ) and climbing fibers (CF ). In the developing inner granule layer, protoplasmic astrocytes (Ast) might release D-serine near the developing glomerular synapse to synergize with glutamate from mossy fibers (MF ), whereas glycinergic basket (Ba) and Golgi neurons (Go) have not yet established connections with NMDA receptor-containing synapses. In contrast, in adult cerebellum (right), no D-serine is present, and NMDA receptors have disappeared from Purkinje cells. NMDA receptor-associated glycine sites located on the basket cell pinceau and granule cells might be modulated exclusively by glycinergic basket (Ba) and Golgi (Go) neurons.
In summary, the detailed comparisons of glycine, D-serine, and NR2A / B support our previous conclusions that D-serine is the endogenous ligand for the glycine site of telencephalic NMDA receptors. D-Serine also seems to be important in NMDARmediated development of the cerebellum. In the brainstem and spinal cord, where no D-serine is found and functional NMDA receptors are known to exist, endogenous glycine most likely modulates these sites. Why nature should use D-serine at certain synapses and glycine at others is a mystery. Differences in dynamics of the two transmitters, one in glia and the other in neurons, may be relevant.
